INTRODUCTION
============

Over the past 30 yr, there has been call to reform undergraduate science classes into something more engaging and student centered (e.g., [@B57]; [@B55], [@B56]; [@B75]; [@B84]). Recently, the report *Vision and Change in Undergraduate Biology Education: A Call to Action* ([@B3]) highlighted the need for more student-centered learning in undergraduate biology classes. The authors of the report recommend using pedagogies that engage students as active participants in a variety of class activities beyond lecture, facilitating student work in cooperative groups, and incorporating ongoing assessment of student conceptual understanding to provide feedback to both students and instructors. This call for reform is being heard by an increasing number of higher education faculty members who are implementing active-learning strategies and incorporating formative assessment into their undergraduate classes. Currently, a spectrum of instructional practices can be found at many institutions, ranging from purely traditional lecture to wholly student centered ([@B72]; [@B83]).

Active-learning pedagogies are intended to move classrooms toward more student-centered learning, and they engage students in knowledge construction. This context is in contrast to traditional lecture, which focuses on dissemination of instructor knowledge and relies on passive student listening. A variety of active-learning pedagogies have been described in recent publications, ranging from quick, easily implemented strategies such as think--pair--share and minute papers to more complex strategies such as problem-based learning in organized groups (e.g., [@B2]; [@B37]; [@B23]; [@B3]; [@B52]). There is substantial evidence that active-learning pedagogies are much more effective than lecture. According to a meta-analysis by [@B28], classes that incorporate active-learning strategies have significantly greater gains in student performance compared with classes relying on traditional lectures and significantly lower failure rates. The effect of active-learning pedagogies was so pronounced that Freeman and his colleagues suggested moving onto second-generation studies that focus on comparing active-learning techniques to determine which practices are most effective and the best way to implement them, and how much active learning needs to be implemented to produce positive results. Furthermore, many of these pedagogies rely on interactions between students, and there is mounting evidence that structuring classes such that students work in small cooperative or collaborative groups increases student achievement. In a meta-analysis, [@B73] found that, when students work in small groups, they have higher learning gains and better attitudes toward learning science, and these results applied to all types of students.

The importance of assessing students during instruction to provide feedback to both students and instructor about students' conceptual understanding is also gaining attention. Higher education faculty often use summative assessments (e.g., exams, major projects) that assess student understanding at the end of instruction, when the class is moving on to the next topic ([@B84]). This type of assessment generally does not allow instructors to respond to gaps in student knowledge. However, the use of formative assessments that are administered on a regular basis during instruction to provide timely feedback about what students know and understand is a critical component of student-centered instruction ([@B37]; [@B84]; [@B3]). There are many ways to formatively assess students (e.g., [@B4]; [@B86]), but one common component is that the assessment allows an instructor to modify instruction in response to students' misunderstandings or confusion. Thus, not only does formative assessment provide information about what students know, but it also promotes learning. In their seminal paper, [@B7] concluded that regular formative assessment increases student learning gains and is perhaps the most important pedagogical intervention that can occur in a classroom. In his review of innovative practices in undergraduate biology education, [@B84] includes formative assessment as one of the most promising practices that leads to increased learning gains in biology classes.

In biology classrooms, the contexts in which student-centered strategies are implemented extend from moderate changes to lecture-based courses to wholesale changes in course sequences. For example, [@B43] found that adding cooperative problem solving and frequent in-class assessment to an upper-level major's lecture course yielded higher learning gains compared with student achievement in a class with only traditional lecture. In a large-lecture format, [@B29] found that a highly structured learning environment in which students worked in groups to answer exam-type questions led to increased achievement, especially for students who traditionally struggle with biology. [@B22] found that students working in cooperative groups to engage in material presented via a learning cycle had increased self-efficacy and process skills compared with students in a traditional lecture course. Finally, [@B79] restructured a three-course sequence of nonmajors courses into a workshop format in which each lesson was driven by a focus on conceptual understanding, scientific inquiry, and science in context. They found that students in the workshop sections had deeper conceptual understanding compared with students in more traditional courses.

However, there are challenges to implementing active-learning pedagogies and embedding formative assessment into higher education classrooms. Science, technology, engineering, and mathematics (STEM) undergraduate education courses can be quite disparate, from large-lecture general education courses to small, lab-based courses for targeted audiences, and it is difficult for instructors to know which pedagogies are appropriate for which contexts. Variables such as class size and arrangement, as well as student motivation and engagement, potentially influence a strategy's outcomes. Implementing new pedagogies can also be daunting for faculty, especially those trained in the sciences without exposure to active-learning strategies or formative assessment. Even when these strategies are used, maximizing student gains requires a student-centered pedagogical approach that few higher education faculty have had the opportunity to learn and practice. [@B76] and [@B85] describe this lack of pedagogical knowledge on the part of science discipline faculty as a type of "instructional barrier."

If faculty are going to spend resources and time to transform their classes, it is important to know how much active learning needs to be incorporated into a class to increase learning gains. Some studies have shown that even moderate changes can lead to improved results. [@B43] found that partially changing a lecture-based class to a more student-centered context led to increased learning gains, even though lecture still accounted for 60--70% of class time. More recently, [@B24] found that a moderate course structure, which included preclass guided-reading questions and some in-class activities completed in informal groups, yielded higher exam scores compared with low course structure, especially for African-American students and first-generation students. If moderate changes can lead to increased learning, is it worthwhile to invest additional time to create and teach a highly student-centered course? Is using many active-learning strategies more effective than using fewer active-learning strategies, or is there a limit to the number of strategies that are effective?

To begin to address these questions, we compared learning gains and attitudes toward learning biology in two sections of Biology 101. The two sections were taught during the same quarter, by the same instructor (G.L.C.), and the same content was covered in each. However, they were taught in different ways. In the Extensive section, the class was structured to support many group-based, active-learning strategies with consistent formative assessment. In the Moderate section, the class incorporated some active-learning strategies but was more lecture-based and had less formative assessment.

We asked two research questions: Do students gain more content knowledge in a class that uses an Extensive amount and variety of active-learning pedagogies coupled with formative assessment compared with a class that uses a Moderate amount and variety of active-learning pedagogies and less formative assessment?Do students exhibit increased sophistication in their views about biology in a class that uses an Extensive amount and variety of active-learning pedagogies coupled with formative assessment compared with a class that uses a Moderate amount and variety of active-learning pedagogies and less formative assessment?

METHODS
=======

Extensive and Moderate Course Structures
----------------------------------------

At Western Washington University, Introduction to Biology (Biol 101) is taught as a large-enrollment course for nonmajors. Until recently, it was taught using traditional lecture and historically had one of the highest student failure rates of introductory courses in our college. However, while the size of the class has not changed, the pedagogy has changed substantially over the past 7 yr. This transformation happened in two major phases.

In 2006--2010, we began teaching the course using the Moderate course structure. We implemented an interactive lecture approach using active-learning pedagogies such as reflective pauses (e.g., [@B62]; [@B63]), real-time writing, and think--pair--share (e.g., [@B48]). These pedagogies allowed us to slow down curriculum delivery, increase monitoring of student understanding, and address confusions that were brought to our attention. Students were also given reading guides to focus their attention on the important concepts in the reading (the reading guides were not graded), which helped them better prepare for lecture. Thus, we incorporated some easily implemented active-learning strategies into the course, along with some formative assessment. However, even with these changes to the course structure, we did not think students were mastering the material to the extent that they could, although we had little direct evidence beyond exam scores, and exams were not the same from year to year.

We began using the Extensive course structure in 2010. We "flipped" the course, which included adding more active-learning pedagogies and changing the overall course structure to include permanent working groups with assigned seating, activity-based classes, and online prelectures to support those strategies. We drew upon team-based learning ([@B51]) and collaborative learning ([@B9]) pedagogies to inform our reformation. We also embedded more formative assessment to monitor student understanding.

With the Extensive course structure, Biol 101 students spent 2--4 h out of class per module topic (1--2 wk) learning basic content through online lectures, reading assignments, reading and watching guides, reporting areas of confusion to a discussion board, and writing a content summary. Class time was used to quiz them individually over their preparation, then as a group using Immediate Feedback Assessment Technique scratch cards (Epstein Educational Enterprises, [www.epsteineducation.com/home/about](http://www.epsteineducation.com/home/about)). Following assessment, we provided just-in-time lectures (e.g., [@B59]) covering the most difficult concepts based on student response to the discussion board. Students then worked in instructor-created groups of four to six students to complete carefully designed worksheet activities, which came at the time when students were ready to move to a higher level of content understanding. Worksheet activities took ∼30 min to complete, depending on the activity, and there were two to three activities per course module ([Table 1](#T1){ref-type="table"}). Once groups finished the in-class worksheet activities, students revised their initial content summaries to include all of the new and corrected information they had constructed. This process occurred for each of the six modules in the course ([Table 1](#T1){ref-type="table"}). Finally, students were tested individually on their understanding of the concepts on three course exams.

###### 

Worksheet activities in each of the six Biol 101 modules^a^

  Module                     Activities
  -------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cell membranes             1\. Properties of water: Students demonstrate their understanding of polarity and apply it to the classification of organic polymers.
                             2\. Osmosis: Questions address preconceptions about equilibrium. Students then apply their knowledge to a case study of hyponatremia.
  Energy transfers           1\. Photosynthesis: Students diagram the reactants and products of photosynthesis. Questions ask students to connect this topic to the big picture and to membrane transport and properties of water.
                             2\. Cellular respiration: Students diagram the reactants and products of respiration. Questions address misconceptions about oxygen and ask students to connect this topic to the big picture and to membrane transport.
                             3\. Nutrition: Students explain the process of atherosclerosis leading to heart attack and explain how diet influences the variables involved in atherosclerosis.
  Cell growth and division   1\. Mitosis and meiosis: Questions address preconceptions about independent assortment and allow students to diagram the differences between mitosis and meiosis using the cell cycle as a framework.
                             2\. Cancer: Students apply their knowledge of cell cycle to cancer.
  Genetics                   1\. Genetics: Students work through genetics problem sets and do a blood-typing simulation online.
                             2\. Protein synthesis: Students learn about cystic fibrosis and apply what they learned about proteins in module 1.
  Evolution                  1\. Evolution: Students learn about Central European Blackcap subpopulations and answer questions to determine whether the two populations have become different species.
                             2\. Human evolution: Students explore the protein lactase and how the lactate gene is distributed throughout the world. Questions encourage students to make connections between genetics and evolution.
                             3\. Artificial selection: Groups choose an agricultural method to research and share out to the class (Jigsaw).
  Ecology                    1\. Population ecology: Questions address preconceptions about how populations behave over time. Students diagram and interpret data from the Isle Royale wolf and moose populations.
                             2\. Ecosystem ecology: Questions lead students to explain the process of eutrophication and climate change in terms of nutrient pools (sinks and sources) on earth.

^a^These activities follow the basic tenets of constructivism and are used in class to move students to a higher level of content understanding after initial preparation outside class.

Because students spent much of their class time engaged in group work, the groups were intentionally designed by the instructor before the start of the quarter, and students remained with their groups for the duration of the class (10 wk). Students were assigned to groups to maximize diversity of science background (determined by major or declared interest in a major), year in school, and gender, as some researchers advise ([@B70]; [@B27]; [@B31]; [@B12]). We attempted to minimize racial diversity within groups by not isolating single minority students, as advised by [@B61].

The worksheet activities were developed and revised to address what we know about how people learn ([@B10]). They followed the basic tenets of constructivism, in which students are presumed to construct understanding based on their prior understanding of a concept and to incorporate new ideas into an existing conceptual framework, rather than passively assimilate knowledge as it is passed to them ([@B60]; [@B80]). To develop and refine the activities, we relied on our experience writing a reformed biology curriculum called *Life Science and Everyday Thinking* (*LSET*; [@B17]), and we used some activities modified from *LSET*. *LSET* is a semester-long curriculum targeted to preservice elementary teachers and modeled after the established physics curriculum *Physics and Everyday Thinking* ([@B33]). Each chapter begins with a formative assessment to expose student prior ideas about the main concepts of the chapter. The rest of the chapter is a series of activities (laboratory activities, thought experiments, and exercises using paper and computer models) carefully designed to address common ideas and to guide students to construct knowledge in a sequential manner. Finally, students explicitly reconsider ideas they held before the activity and document any changes in their thinking. A full description of *LSET* and different aspects of its development can be found in two articles by Donovan and colleagues ([@B15], [@B16].

The *LSET* activities that could be successfully modified for Biol 101 were those that did not require long-term development (e.g., multiple activities building up to cellular respiration in plants) or extensive lab equipment (e.g., measuring fats, carbohydrates, and proteins in different foods). Activities that relied on interpreting data from outside sources and drawing conclusions based on real-life scenarios were most easily adapted for our purposes. For example, the activity that presented data on the distribution of lactose intolerance in humans as a means to understand human evolution could be used in Biol 101 with very little modification (see the activity worksheet in the Supplemental Material). Also, not all of the Biol 101 activities were from modified *LSET* activities; we developed several for topics that we had traditionally covered in previous course offerings but that were not part of *LSET* (e.g., moose and wolves on Isle Royale as examples of population and community interactions). Altogether, the activities currently used in Biol 101 represent a set of coherent, student-centered learning experiences that attend to student preconceptions and facilitate construction of understanding.

After using the Extensive course structure for 4 yr, we were curious whether it was more effective at supporting student learning than the Moderate course structure we had initially used. Was the work worth it? We also wondered whether the Extensive structure changed students' attitudes about learning biology compared with the Moderate structure. We designed an experiment, using a quasi-experimental approach, to compare the two course structures.

Study Design
------------

Two sections of Biology 101 were offered in winter 2014 at our regional comprehensive university. One section, scheduled from 8:00 to 9:20 am, was taught using the Moderate course structure and the other, scheduled from 12:00 to 1:20 pm, was taught using the Extensive course structure. Both sections met twice per week on the same days over a 10-wk quarter. The same experienced instructor (G.L.C.) taught both sections, and the same content was covered in each. Both sections were taught in large lecture halls with fixed seating, although the two rooms were located in different buildings on campus. Students from both sections matriculated into the same laboratory sections, which were taught by the same graduate teaching assistants. Students in the Moderate section were required to buy a textbook, while a textbook was only recommended for students in the Extensive section (students in the Extensive section had access to instructor-produced videos that they watched before coming to class). Ninety-six textbooks were purchased through our bookstore by students in the Moderate section (enrollment of 172), and none were purchased by students in the Extensive section (enrollment of 182). We did not collect information on how many books were purchased through nonuniversity merchants.

The Extensive section was taught in the highly structured manner described in detail earlier. The Moderate section was also taught as described earlier, but with the addition of didactic explanations of the worksheet activities used in the Extensive section to ensure the same content was covered in both sections. See [Figure 1](#F1){ref-type="fig"} for a comparison of the different pedagogies used in the two sections.

![Comparison of the different pedagogies used in the Extensive section and the Moderate section of Biology 101 during Winter 2014.](ar3fig1){#F1}

Class Observations
------------------

To document what both the instructor and the students were doing in each section, we observed the classes using the Classroom Observation Protocol for Undergraduate STEM (COPUS; [@B71]). Using the COPUS, observers record what is happening in a class in 2-min intervals using predetermined categories of behaviors developed to reflect common behaviors in STEM classes. For our study, two observers completed the COPUS training together, which included reviewing the protocol, watching and scoring online segments of classes together, and comparing and discussing scores (the training procedure can be found at [www.cwsei.ubc.ca/resources/COPUS.htm](http://www.cwsei.ubc.ca/resources/COPUS.htm)). The observers then attended both the Moderate and Extensive sections together to determine interrater reliability, which was calculated using Cohen's kappa (0.91 for the Moderate section and 0.85 for the Extensive section). For subsequent observations by a single observer, both sections of the class were observed by the same person on the same day. Observations were scheduled to capture the range of activities in both sections, and five observations were completed for each section.

To determine the occurrence of behaviors present in each class during our observations, we calculated the percent of 2-min time periods in which each behavior occurred, following the recommendations of [@B47]. For example, if lecturing occurred during 35 of the 80 2-min time periods, we recorded 44% of the 2-min time periods as having lecture. This analysis is different from the calculations normally performed for COPUS data (in which the number of times a behavior is coded for is expressed as a percentage of the total number of codes for all behaviors during the class; [@B71]) but allowed us to compare student and instructor behaviors in terms of the time available in the class rather than in terms of total number of behavior codes recorded during a class observation.

Assessment of Content Knowledge
-------------------------------

Gains in content knowledge were assessed in two ways. Students from both sections were given three multiple-choice exams during the quarter. The exams were the same for both sections, and the third exam was not cumulative. For each student in the two sections, a mean score for the three exams was calculated, and these mean scores were compared using a Student's *t* test. We calculated the odds ratio of passing the three exams (i.e., the likelihood of passing the exam with a 60%) by dividing the average number of students who passed the three exams by the average number of students who failed the three exams in the Moderate and Extensive sections.

Students were also given a comprehensive content assessment, which was administered as a preassessment on the first day of class and as a postassessment on the penultimate day of class. Because there currently is no research-validated concept inventory suitable for use in a broad biology course, we gathered 28 items from published concept inventories ([@B42]; [@B20]; [@B54]; [@B26]) and wrote another 12 questions ourselves so that we could assess over the range of topics covered in our class (Supplemental Material). The content assessments were administered in class using Scantron. To account for potential differences in student demographics between the two sections, we used multiple linear regression to compare the postassessment scores for the students in the different sections, following the suggestions of [@B78]. We used the following model: where *X*~post~ is postassessment score, *X*~pre~ is preassessment score, Section is the section in which the student is enrolled (0 = Moderate, 1 = Extensive), HS Biol is the number of high school biology courses taken (0, 1, or 2, which included AP Biology), Courses is the number of other science courses taken at university, and Year is the student year in school (1 = freshman, 2 = sophomore, 3 = junior, and 4 = senior). The demographic factors (HS Biol, Courses, and Year) were chosen because we thought they could affect how a student performed on the postassessment, regardless of the section to which the student was assigned.

To obtain a more detailed understanding of student performance on the pre- and postassessments, we also conducted an item response theory (IRT) analysis of the data. In IRT, unlike in classical test theory, it is possible to estimate both the properties of items on an assessment and the latent traits (often called "abilities" for knowledge-based tests) of people taking the assessment from a single data set. This analysis can be done because IRT provides mathematical models that let one calculate the probability of a student producing a correct answer to an item as a function of that item's properties and the ability of the student. The probability of answering correctly as a function of ability is given by a logistic curve, with the exact equation for the curve depending on which parameters are used in the model. Typical item properties include difficulty (a measure of the ability required to have a given probability of answering the item correctly), discrimination (a measure of the power of the item to distinguish between low- and high-ability students), and guessing (the probability of a very-low-ability student answering the item correctly). Models can be unidimensional, meaning that a single ability score is measured for each individual, or multidimensional, meaning that multiple abilities are measured for each individual. And finally, models can be dichotomous (all answers are either right or wrong) or polytomous (items are scored on a point scale; [@B44]). For the majority of the present analysis, we used a unidimensional, dichotomous, three-parameter model, but for some items we found a unidimensional, polytomous, two-parameter model was more appropriate.

While IRT is more powerful than classical test theory, certain requirements must be met for it to be used appropriately. Because a probabilistic estimation procedure is used for finding both person and item parameters, a large sample size is necessary to generate results with acceptable levels of statistical error. The large number of students who took the assessment (*n* = 316 altogether from both sections) allowed us to meet this requirement. This procedure also assumes that the distribution of abilities in the assessed population is approximately normal, so it can be unreliable if the true distribution is far from normal. Most importantly, it is necessary that the items be "locally independent" of each other, which is not the case for classical test theory. This means that correlations between student responses on different items must be sufficiently explained by only the student abilities and the item parameters and not by any other factors (e.g., demographic variables or the topics of the items). Because IRT analyses yield information that cannot be obtained through classical analyses, they are increasingly being used in discipline-based education research. We refer the reader to [@B81] and [@B82] for further information about IRT.

We attempted several analyses of the data to determine whether our content assessment was well suited to a unidimensional IRT analysis. Five of the 40 items on the assessment did not satisfy the local independence criterion and were excluded from the final IRT analyses (yet were retained for the classical analyses, which do not have this criterion). Other items were internally dependent within pairs, but independent of all other items, so for the analysis, we treated each pair as a single combined item scored on a 0--2 scale (0 being neither item correct, 1 being a single item correct, and 2 being both items correct). In the end, 29 items from the original assessment were left unchanged, and six other items were combined into three pairs. See the Supplemental Material for a list of these items. For the unchanged items, the unidimensional three-parameter logistic model was used for analysis, and for the combined items, the unidimensional polytomous model was used for analysis.

Once we had chosen appropriate IRT models for the analysis, we used the commercial software package IRTPRO to execute the calculations. Because both the item parameters and the student abilities were unknown, we used the expected a posteriori method to simultaneously estimate both sets of values from our data set. This method entailed first using the postassessment data to estimate the item parameters and then using these parameter values for estimating students' pre- and postinstruction abilities.

Because abilities can in principle range from --∞ to +∞, there is no normalized gain calculation used in IRT analysis; instead, the gain for each individual is simply Δθ = θ~post~ *--* θ~pre~, where θ is student ability. We calculated Δθ for each student to visually examine the distributions of ability gains of students in each section. We also performed a multiple linear regression using the same model as above, but substituted postinstruction ability (θ~post~) for postassessment score and preinstruction ability (θ~pre~) for preassessment score.

Assessment of Attitudes about Science and Learning Science
----------------------------------------------------------

We used the Views about Sciences Survey Form B12 (VASS---Biology; available at [www.halloun.net;](http://www.halloun.net;) [@B35]) to assess the students' attitudes about science and learning science. The VASS classifies students into four distinct profiles: expert, high transitional, low transitional, and folk. Students with an expert profile are predominantly scientific realists and critical learners. Students with a folk profile are naïve realists and passive learners ([@B36]). The profiles are based on the following classification system: Expert: 19 items or more with expert views (out of the 30 total items on the VASS)High transitional: 15--18 items with expert viewsLow transitional: 11--14 items with expert views and an equal or smaller number of items with folk viewsFolk: 11--14 items with expert views but a larger number of items with folk views, or 10 items or fewer with expert views

The VASS was administered online through the course management system used at our university. Students took the VASS during the first few days of the class and again during the last few days. To compare students in the two sections at the beginning of the class, we compared the initial VASS profiles of students in each section using a Student's *t* test, following the recommendations of [@B45]. At the end of the class, we calculated an "expert shift" (i.e., students' movement toward the expert view from pretest to posttest) for each student. To do this, we used 1 to represent a shift from one profile group to another in the direction of the expert view (e.g., from folk to low transitional), 2 to represent a shift across two profile groups in the direction of the expert view (e.g., from folk to high transitional), and so forth. Mean expert shifts for each section were also compared using a Student's *t* test.

When the students in the Extensive section took the VASS at the end of the quarter, they were asked an additional two questions through the course management system. These questions were not analyzed with the VASS data but rather gave us information about the students' attitudes concerning the different pedagogies and the workload associated with the Extensive section.

We used RStudio (version 0.98.1049) for all statistical analyses, except the IRT analyses as described above and the calculation of Cohen's kappa for interrater reliability, for which we used SPSS (IBM, version 22). Our study was completed with approval from our university's human subjects review committee (IRB FWA00001207).

RESULTS
=======

Student Demographics and Participation
--------------------------------------

The two sections were similar in terms of student demographics and participation. The majority of students in both sections were sophomores, although there were twice as many freshmen in the Moderate section compared with the Extensive section (16 and 8%, respectively; [Table 2](#T2){ref-type="table"}). Women accounted for ∼60% of the students in both sections, which reflects the gender balance on our campus. Students in both sections took an average of one biology class in high school; more than 90% of students in both sections had taken either one high school biology class or two, which included Advanced Placement biology. In addition, the number of previous college science classes taken by students was similar in both sections, with most students taking just one other science course.

###### 

Demographics of students in the two sections of Introduction to Biology^a^

  Student demographic                                      Extensive section   Moderate section
  -------------------------------------------------------- ------------------- ------------------
  \% Freshmen                                              8                   16
  \% Sophomores                                            68                  61
  \% Juniors                                               18                  16
  \% Seniors                                               6                   6
  \% Women                                                 59                  60
  Number of years of high school biology (mean ± SD)       1.0 ± 0.3           1.0 ± 0.4
  Number of science courses taken in college (mean ± SD)   1.2 ± 1.1           1.0 ± 1.1

^a^One section was taught in an extensively student-centered manner (Extensive section) and the other was taught in a moderately student-centered manner (Moderate section).

The percent of students consenting to participate in the study was very high (∼95% for both sections; [Table 3](#T3){ref-type="table"}), but not all of these students within each section completed all components of the study. When analyzing results from each component of the study, we used data from the subset of students who completed all aspects of that component (e.g., the subset of students who completed all three course exams or the subset of students who completed both pre- and post-VASS). Thus, the number of students (*n*) was different for each component of the study, since there were some students who did not complete all aspects of every component (e.g., the subset of students who took all three course exams overlapped with but was not completely the same as the subset of students who completed both the pre- and post-VASS). As a way to determine whether the subsets of students completing the different study components were academically different from each other within a section, we calculated the mean final grade, calculated as a grade point, for each subset of students ([Table 3](#T3){ref-type="table"}) and compared these with analysis of variance. Within each subset, there were no differences between mean final grades in the Moderate section (*F =* 0.650, *p* = 0.52) or the Extensive section (*F =* 0.537, *p* = 0.58).

###### 

Student participation in the different aspects of the study^a^

                                                   Extensive section   Moderate section              
  ------------------------------------------------ ------------------- ------------------ ---------- -----------
  Completed all three course exams                 174 (96)            2.9 ± 0.9          163 (95)   2.8 ± 1.0
  Completed the pre and post content assessments   158 (87)            2.9 ± 0.8          142 (84)   2.9 ± 1.0
  Completed the pre- and post-VASS surveys         128 (71)            3.0 ± 0.8          115 (67)   3.0 ± 0.9

^a^Mean final grade was calculated for each subset of students within each section as a measure of whether the subsets of students differed from each other.

Classroom Observations
----------------------

There were differences in what the students did in class in each section. The main difference was that students in the Extensive section worked in their assigned work groups on class activities, while students in the Moderate section did not have groups ([Figure 2](#F2){ref-type="fig"}). Students in the Moderate section listened to the instructor and/or classmates during more of the 2-min time periods, compared with students in the Extensive section. However, students in both sections spent a substantial amount of time answering questions posed by the instructor and asking their own questions during whole-class time (time not working in groups for the Extensive section).

![Percent of 2-min time periods spent at different activities by the students and the instructor in the Extensive and Moderate sections. The COPUS was used for classroom observations. The bars represent the means ± SD of five observations.](ar3fig2){#F2}

The instructor lectured during twice as many of the 2-min time periods in the Moderate section compared with the Extensive section ([Figure 2](#F2){ref-type="fig"}). In the Extensive section, the instructor managed group work and worked one-on-one with students, which did not occur in the Moderate section. However, the instructor spent time posing and answering questions, using real-time writing during her lecture, and following up on student in-class work in both sections.

Assessments of Content Knowledge
--------------------------------

Students in the Extensive section had significantly higher mean exam scores (grand mean of 72.0%) compared with students in the Moderate section (grand mean of 63.6%; *t* = 6.57, *p* \< 0.001). In addition, students in the Extensive section had an odds ratio of passing an exam of 2.78 compared with students in the Moderate section who were equally likely to pass or fail exams (1.00 odds ratio of passing).

Students in the Extensive and Moderate sections performed equally on the content preassessment, correctly answering 44.3 ± 10.7% and 42.9 ± 10.4% of the questions, respectively (results are represented by mean ± SD, unless otherwise noted). Mean postassessment scores were 58.5 ± 12.1% of the questions correct by students in the Extensive section compared with 54.6 ± 12.2% by students in the Moderate section. The multiple regression model was significantly different compared with an intercept-only model (*F =* 29.83, *p* \< 0.001). Using the multiple regression model, we found that students enrolled in the Extensive section had significantly higher postassessment scores compared with students in the Moderate section ([Table 4](#T4){ref-type="table"}). The regression coefficient of 2.51 for section on postassessment score indicates that students in the Extensive section scored ∼2.5 points higher than students in the Moderate section, all other factors being held equal. Preassessment score and the number of other science classes taken at the university also significantly affected postassessment score, while the number of high school biology classes taken by a student and the number of years the student had been in university did not.

###### 

Estimated regression coefficients from a multiple linear regression used to determine whether a student's postassessment score was affected by the section (Extensive or Moderate) in which the student was enrolled^a^

  Regression coefficient                                  Estimate ± SE   *p* Value
  ------------------------------------------------------- --------------- -----------
  Model intercept (β~0~)                                  28.1 ± 3.6      \<0.001
  Preassessment score (β~1~)                              0.67 ± 0.06     \<0.001
  Section (reference level: Moderate) (β~2~)              2.51 ± 1.23     0.045
  High school biology (reference level: None) (β~3~)                      
  One year                                                −3.93 ± 2.38    0.10
  Two years (AP biology)                                  −2.98 ± 3.27    0.36
  Number of other science courses (β~4~)                  1.39 ± 0.64     0.031
  Year in university (reference level: Freshman) (β~5~)                   
  Sophomore                                               0.39 ± 1.92     0.84
  Junior                                                  −2.25 ± 2.37    0.28
  Senior                                                  1.19 ± 3.43     0.73

^a^The number of high school biology classes taken by the student, number of other science courses completed at the university, and number of years at the university were incorporated into the model to control for potential differences in student demographics. The *r*^2^ for the full model regression equation was 0.38. The *p* values are the results of *t* tests to determine whether the slope (β) of each factor was significantly different from 0.

The IRT analyses of student response data supported the classical test theory analyses of the content assessment. We found that the mean preinstruction ability (the term "ability" is often used in IRT analyses to describe the performance of students on knowledge-based assessments) of students in the Extensive section was −0.49 ± 0.83 compared with −0.58 ± 0.83 for students in the Moderate section. Mean postinstruction abilities were 0.10 ± 0.92 and −0.11 ± 0.94 for students in the Extensive and Moderate sections, respectively. The distributions of pre- and postinstruction abilities for the two sections indicate that the two sections look similar in terms of preinstruction ability, but postinstruction the two distributions look less similar to each other ([Figure 3](#F3){ref-type="fig"}). Postinstruction, a majority of students in the Extensive section were approximately evenly distributed throughout the range −0.7 \< θ \< 1.2, with fewer than 30% of students outside this range. In contrast, the distribution of postinstruction abilities in the Moderate section peaks sharply in the range −0.7 \< θ \< −0.4, with relatively fewer students in the higher range of abilities from 0.5 \< θ \< 1.6. The histograms of individual ability gains ([Figure 4](#F4){ref-type="fig"}) afford us information about how the distributions of gains differed between sections. These histograms show that a greater fraction of students in the Extensive section had changes in ability in the range 0.5 \< Δθ \< 2.0 compared with students in the Moderate section, while in the Moderate section small positive gains (0 \< Δθ \< 0.5) were more common. Negative gains and extremely large positive gains (Δθ \> 2.0) were uncommon in both groups.

![Student ability on the content assessment at the beginning of the class (preassessment) and the end of class (postassessment) of students in the Extensive section compared with students in the Moderate section. The content assessment was administered in class by Scantron. IRT was used to determine student ability. Logits are units of measurement that are used to report relative differences in abilities with respect to item difficulty. They occur at equal intervals.](ar3fig3){#F3}

![Change in student ability, as measured by content assessment, of students in the Extensive section compared with students in the Moderate section. The content assessment was administered in class by Scantron. IRT was used to determine student ability. Logits are units of measurement that are used to report relative differences in abilities with respect to item difficulty. They occur at equal intervals.](ar3fig4){#F4}

The multiple regression model using the IRT data was significantly different compared with an intercept-only model (*F =* 5.21, *p* \< 0.001). We found that preinstruction ability, the number of other science courses taken at the university, and year in school (for juniors) significantly affected postinstruction ability, while section and the number of high school biology courses did not ([Table 5](#T5){ref-type="table"}). The regression coefficient of 0.18 for the section variable indicates that students in the Extensive section had higher postinstruction abilities than students in the Moderate section, all other factors being held equal, but this effect was not large enough to be statistically significant given the power of our analysis. The different results between the classical test theory and IRT analyses may be a statistical consequence of the use of IRT. As described earlier, a key advantage of IRT is that it allows us to simultaneously estimate properties of both people and items within a single data set. However, this advantage comes at a cost---a degree of statistical uncertainty is introduced into these estimates that is not present in classical test theory analyses. As a result, the statistical power of the analysis is weakened by the use of IRT. In cases in which the effect size one is trying to measure is near the threshold of what a classical test theory analysis could resolve based on the study's statistical power, the IRT analysis may be unable to claim that the effect is statistically significant, even when it is real---a type II error. Thus, combining the above analyses suggests that students in the Extensive section had greater gains in the content knowledge probed by the assessment instrument than those in the Moderate section but that the true effect of the section variable may be less than is suggested by the classical test theory analysis alone.

###### 

Estimated regression coefficients from a multiple linear regression used to determine whether a student's postcourse ability was affected by the section (Extensive or Moderate) in which the student was enrolled^a^

  Regression coefficient                                  Estimate ± SE   *p* Value
  ------------------------------------------------------- --------------- -----------
  Model intercept (β~0~)                                  0.22 ± 0.27     0.41
  Preassessment score (β~1~)                              0.31 ± 0.07     \<0.001
  Section (reference level: Moderate) (β~2~)              0.18 ± 0.11     0.11
  High school biology (reference level: None) (β~3~)                      
  One year                                                −0.04 ± 0.21    0.84
  Two years (AP biology)                                  −0.02 ± 0.29    0.96
  Number of other science courses (β~4~)                  0.16 ± 0.06     0.006
  Year in university (reference level: Freshman) (β~5~)                   
  Sophomore                                               −0.29 ± 0.18    0.09
  Junior                                                  −0.51 ± 0.22    0.02
  Senior                                                  −0.03 ± 0.31    0.91

^a^The number of high school biology classes taken by the student, number of other science courses completed at the university, and number of years at the university were incorporated into the model to control for potential differences in student demographics. The *r*^2^ for the full model regression equation was 0.14. The *p* values are the results of *t* tests to determine whether the slope (β) of each factor was significantly different from 0.

Assessment of Attitudes about Science and Learning Science
----------------------------------------------------------

Students in both sections had statistically similar profiles when they took the VASS at the beginning of the class (*t* = 1.89, *p* = 0.06, Student's *t* test), although the Extensive section had no students classified as "experts," while 10% of the students in the Moderate section were classified as such ([Figure 5](#F5){ref-type="fig"}). By the end of the class, however, fully 20% of the students in the Extensive section were classified as experts, and the number of students classified as low transitional dropped from 43 to 28%. There was very little change in the profile of the Moderate section. Students in the Extensive section had a significantly greater mean expert shift (0.40 ± 1.10) compared with students in the Moderate section (−0.02 ± 0.88; *t* = 3.23, *p* = 0.001).

![VASS profiles of students in the Extensive section compared with students in the Moderate section. The VASS was administered online at the beginning (pre) and end (post) of the course.](ar3fig5){#F5}

Students in the Extensive section generally had positive attitudes toward the student-centered pedagogies used in the class. Fifty three percent of students reported that they prefer active-learning pedagogies as opposed to lecture, while 33% reported that they prefer lecture (the remaining students either preferred both pedagogies equally or did not like either pedagogy; [Figure 6](#F6){ref-type="fig"}). Also, 67% of the students in the Extensive section thought that the work they did outside class to prepare for the in-class activities was worth the time they put into it, while only 19% thought that the work was not worth their time ([Figure 6](#F6){ref-type="fig"}).

![Attitudes of students in the Extensive section about the active-learning strategies used in the class and the workload associated with them. The open bars at the right of each graph reflect the percent of students who answered "neither" for each question.](ar3fig6){#F6}

DISCUSSION
==========

We investigated whether students in a highly structured, student-centered class (Extensive section) would have increased content knowledge and more sophisticated views about learning biology compared with students in a class with moderate use of student-centered strategies and a less structured context (Moderate section). Indeed, we found that students in the Extensive section had significantly higher exam scores and higher scores on the content postassessment ([Table 4](#T4){ref-type="table"} and [Figure 3](#F3){ref-type="fig"}), even though both the content and the depth of material were the same in the two sections. We also found that, at the end of the class, the students in the Extensive section had more expert attitudes toward learning biology compared with students in the Moderate section ([Figure 5](#F5){ref-type="fig"}).

Why Did Students in the Extensive Section Gain More Content Knowledge Compared with Students in the Moderate Section?
---------------------------------------------------------------------------------------------------------------------

In contrast to students in the Moderate section, students in the Extensive section consistently encountered content in a manner that promoted active, cooperative engagement with the material. For example, the instructor led the students in the Moderate section didactically through the worksheet activities, while students in the Extensive section completed the worksheet activities with their group members. The worksheet activities were carefully designed so that they first elicited preconceptions and then guided students through a logical progression of ideas, requiring students to make predictions, analyze data, and explain their reasoning (see the Supplemental Material for an example). By recording their preconceptions, and then actively engaging in the worksheet activities, students in the Extensive section were better able to organize the content into a conceptual framework that built upon their prior ideas. Both the elicitation of prior knowledge and the construction of understanding are critical components of learning ([@B10])

Active engagement with the worksheet activities was facilitated in the Extensive section by students working in assigned groups for the entire quarter, and grades on the worksheet activities were given based on group performance. While studies have shown that incorporating group work in undergraduate science classes is beneficial ([@B73]; [@B39]; [@B30]), implementation of group work is complex ([@B32]; [@B8]), especially group formation. Our presumption was that successful engagement with the worksheet activities would require a range of academic ability and perspectives, so we intentionally formed groups based on criteria such as background in science, year in school, race, and gender. Using these student demographics helped us create diverse groups, with the expectation that this would maximize student achievement ([@B70]; [@B27]; [@B31]; [@B12]). We do not know whether the worksheet activities would be as effective if the incentive was shifted from the group to the individual or whether our worksheet activities would be as helpful to students if they performed them outside class as homework. There is recent evidence that what matters most is having students actively engage with activities that deepen conceptual understanding, whether they perform them in or out of class ([@B38]). This evidence is corroborated by our data, since the students in the Moderate section encountered the worksheet activities but were guided through them by the instructor and did not work though them on their own.

Lecture was used in both sections, although it was used less in the Extensive section compared with the Moderate section ([Figure 2](#F2){ref-type="fig"}). The different reasons for lecturing in the two sections were probably more important than the total time spent lecturing. In the Moderate section, in-class lecture was the primary mode of instruction, and the majority of the course content was delivered using this pedagogy. In the Extensive section, lecture was used primarily in response to student questions and confusions. During their review of the basic material at home, students posted questions and comments on a discussion page, which allowed the instructor to tailor lecture material to address the content about which students were least confident. This strategy is an example of just-in-time teaching (e.g., [@B59]), which can increase cognitive gains of students in large-enrollment biology classes ([@B49]).

Another pedagogical difference between the two sections was the increased amount of formative assessment used in the Extensive section ([Figure 1](#F1){ref-type="fig"}). Students in this section encountered low-stakes assessments several times during a module, and these assessments gave students regular feedback about their content knowledge. Our use of quizzes at the beginning of each module is consistent with evidence that frequent quizzes after learning material improves content understanding and retention ([@B40]; [@B41]). Another technique we used, 2-min writes, has been linked to increased student learning gains in social science courses ([@B74]). There is other evidence that systematic formative assessment can be used effectively by instructors to improve student learning in undergraduate biology classes. [@B21] describe using formative assessment in a research-based manner to determine student understandings about the flow of energy and matter in ecosystems, and then using that information to refine instructional practice to address student misconceptions. Similarly, [@B50] found that using active-learning activities targeted to specifically address students' misconceptions, which were identified by diagnostic questions, led to improved student mastery of that content compared with instruction that did not incorporate active learning. There is also growing understanding of what instructors must do to assist students in assessing their own understanding of course material. Strategies include setting clear standards for mastery of content, providing students with high-quality feedback about the current state of their learning, and giving them opportunities to "close the gap" between their current state and mastery ([@B64]; [@B58]).

There was also explicit use of metacognition in the Extensive section, which is related to student self-assessment of understanding and has been identified as important for student learning ([@B10]; [@B66]). Students in the Extensive section prepared content summaries at the beginning of each module and then revised them when the module was finished. This revision allowed students to reflect on how their understanding of the content had changed. There is increasing focus on incorporating metacognition into undergraduate biology classes ([@B19]; [@B77]), and recent studies support the use of metacognition as a learning tool. [@B13] found that teaching students how to "Bloom" practice exam questions before answering them (i.e., determining the cognitive level of the different questions) gave students insight into the types of questions they were having the most difficulty with, which in turn gave them insight into their mastery of the course material. Similarly, incorporating writing assignments with metacognitive components (postexam corrections and peer-reviewed writing assignments) into a large-lecture biology class yielded better critical-thinking abilities and student learning ([@B53]). In an undergraduate chemistry course, [@B65] found that students participating in class activities designed to improve metacognitive skills had increased awareness about metacognition and improved ability to solve higher-level chemistry problems.

How Did Students' Attitudes toward Learning Biology Change in the Extensive Section Compared with the Moderate Section?
-----------------------------------------------------------------------------------------------------------------------

We found a significant shift in students' views about learning science toward a more expert view in the Extensive section but not in the Moderate section ([Figure 5](#F5){ref-type="fig"}). This shift suggests that the student-centered pedagogies we used in the Extensive section not only facilitated learning content but also positively influenced views about learning biology compared with the pedagogies used in the Moderate section. There is conflicting evidence about changes in students' epistemological beliefs about science and learning science during instruction. For example, [@B69] found that nonmajors became more novice in their views about learning biology after instruction, while no change was observed in students enrolled in majors' courses. In contrast, [@B14] found that biology majors became more novice in their views about biology in lecture-based biology courses, while nonmajors became more expert, although the shift for nonmajors was slight. Shifts toward more novice-like views have also been observed in other disciplines such as chemistry ([@B6]) and physics ([@B1]). In our study, we observed a shift toward a more expert-like view in our nonmajors, but only in the section using extensive student-centered strategies. Using an active-learning approach, [@B25] observed a positive shift in physics students (both majors and nonmajors were enrolled in the course), although only among high-achieving students. These discrepant findings point to a need for further research in this area.

Student response to the student-centered pedagogies in the Extensive section was generally very positive. The majority of students reported that they preferred an activity-based pedagogy as opposed to traditional lecture and that the work required outside class for the Extensive section was worthwhile ([Figure 6](#F6){ref-type="fig"}). This response is similar to that found by [@B5] when they reformed their introductory biology course from lecture based to student centered. However, one-third of the students in the Extensive section of our study reported that they preferred lecture. Students often react unfavorably to pedagogies different from those to which they are accustomed ([@B68]). For example, when an undergraduate physics course was changed from a traditional lecture to a collaborative group-centered structure at the Massachusetts Institute of Technology, the students were so unhappy with the change that they circulated a petition objecting to the course structure and asked that a lecture section be reinstated ([@B11]). Student dissatisfaction continued despite evidence of improved learning with the group-centered pedagogies ([@B18]). In our study, we would argue that the increased learning gains and more expert views about learning science in students in the Extensive section far outweigh any negative perceptions held by the students.

Potential Limitations of the Study
----------------------------------

Although we were able to control for many of the variables between the two sections (instructor, content, lab experience, time of year), we had to teach the two sections at different times of day, and it is possible that this is the cause of the differences we found in our study. However, we do not think that this is the case for the following reasons. First, students in the two sections performed equally on both the content and VASS preassessments, and our results suggest that differences in demographics between the two sections (i.e., number of freshmen in each section; [Table 2](#T2){ref-type="table"}) did not significantly affect postassessment scores ([Table 4](#T4){ref-type="table"}). Second, although students took the same exams at different times of day, we had a rigorous testing procedure that made it difficult for them to share an exam with a student in the other section. Finally, we have evidence that there was no difference between student achievement on exams in the two sections in previous quarters. The quarter before our study, we used the same exams for both sections (although different exams from those used in this study) and the same testing procedure for sections offered at the same times as those in our study. We found no differences in performance between students in the morning and noon sections. Thus, we think that the differences we observed between students in the two sections of our study were a function of pedagogical differences and not time of day.

CONCLUSIONS
===========

We reformed our course in stages over several years, and unburdening the curriculum was an essential part of the process. Paring content down to specific learning targets allowed students to process less breadth of content in both the Moderate and Extensive sections. In their seminal paper "Less Teaching, More Learning," [@B46] found that less breadth meant significant learning gains for students in their introductory biology lab. Support for unburdening the curriculum also comes from [@B43] and [@B67]. We went a step further in the Extensive section by flipping the classroom, moving a manageable amount of basic lecture content out of the class to free up in-class time for active-learning strategies such as worksheet activities. There is recent evidence that flipping the classroom can lead to increased content knowledge in an undergraduate biology class ([@B34]), although there is also evidence that active-learning strategies can be equally effective if they are used outside the classroom ([@B38]). There was not a flipped component to our Moderate section, although the unburdening of the curriculum allowed time for some student-centered strategies and didactic explanations of the same worksheet activities that students in the Extensive section completed in groups.

Overall, we conclude that the work required to shift from a Moderate course structure to an Extensive course structure was worth it. We found that using several active-learning strategies coupled with consistent formative assessment led to better student outcomes compared with using fewer active-learning strategies in a more teacher-centered classroom. Students in the Extensive section performed better on course exams and the content assessment and had more expert views about learning biology. However, we do not want to discourage faculty members from starting with active learning in a teacher-centered context. Implementing even a few active-learning strategies into a lecture-based course can lead to increased learning gains (e.g., [@B43]). In addition, we think that our success in the Extensive section would not have been possible if we had implemented the pedagogies all at once. The course that we currently teach is the product of multiple revisions and refinements over several years of offering the course, and the leap of creating a wholly student-centered course came only after practicing and developing active-learning strategies for a lecture-based class. It is also possible that there is a maximum amount of learning that can be achieved solely by increasing the number of active-learning strategies used in a class. Put another way, at some point instructor resources may be better allocated to improving aspects of a class other than the number of pedagogical strategies used. We think that future research to explore this possible ceiling effect will be important for helping instructors reform their teaching practices.
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======================
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